Abstract On assumptions that tympanic temperature (1) reflects brain temperature and that the latter can be lowered by cooling of the face, effect of facial cooling during acclimation process on adaptive changes in sweating activity was examined, in comparison with the results of our previous studies on heat acclimation with controlled hyperthermia. Face fanning, by which Tty was clamped at approximately 37.1 °C, was combined with either of the following 9-day acclimation procedures: 90-min heating in a "Sauna box," keeping mean skin temperature slightly above 40°C, or 90-min exercise on a bicycle, clamping rectal temperature (Tre) at approximately 38°C. Each procedure was imposed on the same four male subjects on different occasions, two of whom had participated in our previous experiments. Sweat tests, carried out before and immediately after the completion of the procedure, consisted of measurements of local sweat rates, whole body sweat rate, T1e, and skin temperatures on 5 areas, and of calculations of mean body temperature (Tb) and the rate of sweat expulsions (FSW, as an indicator of central sudomotor activity). No or only a slight increase in sweating activity was observed following the acclimation procedures with face fanning, whereas similar procedures without face fanning had resulted in substantial enhancement of sweating activity in most of the cases, which had been attributed mainly to adaptive changes in central sudomotor activity (as indicated by a shift of the regression line relating FSW to Tb). Similar results were obtained in an additional series of experiments, where the effects of 9-day 90-min exercise in heat, clamping Tre at approximately 38.2°C, with and without facial cooling, were compared with each other in a subject. From the above results it is inferred that Tty reflects brain temperature and that enhancement of sweating activity induced by repeated heat load is strongly impeded, if not accompanied, by an elevation of brain temperature.
Thermal sweating is under the direct control of the central thermoregulatory mechanism which integrates thermal inputs from central and peripheral thermoreceptors. It is generally recognized that hypothalamic temperature is by far a major determinant of the rate of thermal sweating in humans. Tympanic temperature (TtY) has been claimed to reflect brain temperature and has been used extensively as an indicator of hypothalamic temperature, but its validity has been controversial.
It has been shown in a hyperthermic state that cooling of the face by fanning lowers TtY, to which autonomic as well as behavioral thermoregulatory responses are better related than to trunk temperature in humans (CABANAC and CAPUTA, 1979 b) . Evidence has been presented that the brain can be cooled selectively by venous blood from the face and scalp by countercurrent mechanism in hyperthermia (CABANAC and CAPUTA, 1979 a; CABANAC and BRINNEL, 1985) .
Increase in sweating activity in association with heat acclimation has been attributed to increased central heat dissipating activity and to enhanced secretory capacity of sweat glands. We have examined relative contributions of the central and peripheral mechanisms to the increased sweating activity by analyzing characteristics of the rate of sweat expulsions, as an indicator of the centrally-derived sudomotor activity, before and after various heat acclimation processes with controlled hyperthermia. Our observations suggested that the central mechanism plays a predominant role, at least in an early stage of acclimation by repetitive mild hyperthermia SUGENOYA et al., 1986) .
The present study was initially proposed to evaluate the role of the peripheral component of heat acclimation by observing changes in sweating activity after repetitive controlled "cutaneous hyperthermia," where mean skin temperature was clamped at a high level while core temperature was hardly elevated; face fanning was combined with the acclimation procedures and its effects on adaptive changes in sweating activity were examined in comparison with the results of our previous studies.
METHODS
The experiments consisted of two main series and an additional one, according to acclimation procedures. They were carried out during non-summer seasons, i.e., from December through May.
Subjects. Four healthy non-athlete male students, aged 20-22 years, volunteered as subjects in both of the main series of experiments, which were carried out at an interval of more than a month. Two of them had participated in our previous experiments on heat acclimation.
Acclimation procedures. Heat load of 90-min duration was imposed on the subject for 9 consecutive days in each series. During each-day session of an acclimation procedure, tympanic temperature (TtY), rectal temperature (Tre), and skin temperatures on chest, upper arm, thigh, calf, and forehead were monitored continuously using thermistor thermometers. For the measurement of T,y, a specially made thermistor sensor with fine spring (Jidai-type, Takara Thermistor Instrument Co.) was used. The acclimation procedures followed in general those used in our previous studies SUGENOYA et al., 1986) , but with combination of facial cooling. Series 1. Dry heating with face fanning (HD-F): The subject entered a specially designed "Sauna-box" prewarmed to approximately 60°C, in which the subject was encased, sitting on a stool, with the head protruded out of the box. The mean skin temperature ( TS) (see below) was rapidly raised to approximately 41 °C and was clamped at that level ( ± 1 °C) for the following 90 min by ventilating the box with hot dry air whose temperature was controlled by a servo-mechanism. At the same time, the face was cooled continuously by fanning by which TtY was held in the range between 37.0 and 37.3°C. A sample of the record during the heating is shown in Fig. 1A . During the session, the skin temperatures on chest, upper arm, thigh, and calf ranged between 39 and 43°C, while the forehead temperature was generally held far below 30°C. Tre reached 38°C within 30 min and kept rising toward 39°C, or above in some sessions.
Series 2. Physical conditioning with face fanning (W-F): The subject first took a hot bath for a few minutes while the oral temperature was monitored. As soon as the latter reached 38°C, he entered a climatic chamber, the temperature of which was controlled at 22°C with a relative humidity (R.H.) of 40%, and temperature sensors and sweat capsules were attached in place. He exercised on a bicycle ergometer (Monark) at a rate of 50 rpm. The work load was adjusted on occasion so as to maintain Tre at 38.0 ± 0.2°C. He performed leg and arm exercises alternately using two ergometers, in order to alleviate fatigue. Meanwhile, the face was continuously fanned to keep TtY in the range between 37.0 and 37.3°C. A sample of the record during the exercise is shown in Fig. 1 B.
An additional series (Series 3) was carried out on the two subjects who had participated in all the series of the previous and present studies. The following acclimation procedures were imposed on each of them.
A. Physical conditioning in dry heat (W/HD): Work load was given in a similar way as in Series 2 but in the climatic chamber controlled at 38°C with R.H. of 40%. In this series, Tre was clamped at approximately 38.2°C.
B. Physical conditioning in dry heat with face cooling (W/HD-F): During the same procedure as above, the face was cooled with cool jet-blown air to clamp I at approximately 37.2°C. However, this procedure was unsuccessful in one of the subjects, because it failed to lower Tty below 37.4°C, and the data on him were discarded.
Sweat tests. Sweat tests were carried on the third day and on the day before the start of the acclimation procedure (control tests) and on, the following 2 days after the completion of the procedure (experimental tests). The tests were made with the subject sitting on a stool set on a Bed Balance (Potter) in the climatic chamber. The room temperature was set at either 30 or 35°C (40% R.H.) in the beginning; after thermal equilibrium was reached in approximately 30 min, it was raised T. OGAWA et al. gradually at a rate of 4°C per h to 38 or 43°C (R.H. maintained at 40%). Meanwhile, the following measurements were done. a. Whole body sweat rate (E5). The rate of body weight loss per unit of body surface area (g/(m2. h)) was calculated from the continuous recording of body weight with the Bed Balance, and was regarded as ESW, neglecting respiratory weight loss and evaporation from the airway. b. Local sweat rate. Sweat rates on the bilateral forearm areas, 15 and 1.3 cm2, respectively, were recorded continuously by capacitance hygrometry (SUGENOYA and OGAWA, 1985) : in brief, a plastic capsule covering the test area on the volar aspect of the forearm was ventilated with dry nitrogen and the humidity change of the effluent gas was sensed by a capacitance hygrometer (HM-114, Vaisala).
c. Body temperatures. TCe, TtY, and skin temperatures on chest, upper arm, thigh, calf, and forehead were measured continuously, and TS was calculated by the following equation after RAMANATHAN (1964) : TS = 0.3 XTs-chest + 0.3 XTs-upper arm + 0.2 XTs-thigh + 0.2 XTs-calf Date treatment. As an indicator of central sudomotor discharge (OGAWA and BULLARD, 1972) , the rate of sweat expulsions (FSW) was calculated, i.e., number of sweat expulsions during an over-l0-min period with a relatively stable sweat rate was counted on the record of the local sweat rate, and the mean expulsion rate per min was calculated. FSW was obtained several times for each test, and was plotted against the mean body temperature (Tb) for data from the control tests and the experimental tests. Similarly, ESW was plotted against FSW• Tb was calculated by the following equation, according to our previous study (SUGENOYA and OGAWA, 1985) :
Tb=0.9 X Tty+0.1 X TS , or Tb=0.8 X Tfe+0.2 X Ts , either one of which with better correlation with FSW was adopted in all the series on a single subject. Data concerning the acclimation procedures with HD-F and with W-F were compared with those of the corresponding series from our previous studies: HD, controlled hyperthermia (Tre=38°C) by dry heating using the Sauna-box , and W, controlled hyperthermia (Tre = 38°C) by exercise .
RESULTS
Adaptive increase in sweating capacity as a result of the acclimation procedure was examined by comparing the relation of ESW to Tb before and after the procedure. Figure 2 shows an example of the results with different acclimation procedures in a single subject: the results of the present series with face cooling (HD-F, W-F, and W/HD-F) are compared with those of the corresponding series without face cooling from our previous studies (HD and W) and from the present study (W/HD) in a single subject. The regression line relating ESW to Tb shows a distinct shift to the left after the acclimation procedures without face cooling, whereas it shows no or slight shift after the acclimation procedures with face cooling. The results indicate that an adaptive process in sweating capacity is attenuated by face cooling accompanying the acclimation procedure.
Series 1
Plots of FsW against Tb and those of EsW against FsW before and after the acclimation procedure with HD-F in a subject are shown in Fig. 3B as a set of examples; the corresponding data on Hp in the same subject are also illustrated for comparison (Fig. 3A) . It was noted that an increase in sweating capacity by the procedure, if any, was attributed largely to augmented central sudomotor activity, as shown in the figure by a shift of the regression line relating FsW to Tb, but hardly to an adaptive change in secretory activity of the sweat glands, since no significant change was observed in the regression line relating ESW to FSW. It should be mentioned that, although Tty was clamped at a low level during the daily session of Hp-F, Tre kept rising progressively from over 37 to 39°C, or sometimes even more (see Fig. 1A ). Therefore heat load with Hp-F was not at all considered to be lower than that with Hp. Fig. 2 . Regression lines relating whole body sweat rate (g /(m2 . h)) to mean body temperature before (~) and after (.) various acclimation procedures without (A) and with face cooling (B) in a representative case. Data on the cases with HD and W are taken from our previous studies, respectively OHNI5HI et al., 1986) .
Series 2
The results were essentially the same as in Series 1. The regression line relating FSW to Tb showed no or a slight shift to the left after the procedure, while the relation of ESW with FSW hardly changed, as shown in data on a single subject (Fig. 4B) . The corresponding data from our previous study with physical conditioning (W) in the same subject are illustrated for comparison (Fig. 4A) .
Series 3
Although data were obtained only in a single subject, the results were clear-cut. The regression line relating FSW to Tb shifted to the left after the procedure with W/HD, while that relating ESW to FSW remained unchanged. On the other hand, no change in either relation was noted after the procedure with W/HD-F (not illustrated). Fig. 3 . Plots of the rate of sweat expulsions against mean body temperature and those of whole body sweat rate (g/(m2 . h)) against the rate of sweat expulsions before (o) and after (.) the acclimation procedures with HD (A) and Ho-F (B) in a representative case. Data on HD are taken from our previous study .
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DISCUSSION
The credibility of I as an indicator of hypothalamic temperature has been in dispute. It has been pointed out that 1 is directly influenced by ambient temperature (BAKER et al., 1972; NADEL and HORVATH, 1970) , and that its changes often fail to parallel those in esophageal temperature (TeS) which reflects central blood temperature rapidly and quantitatively (RANDALL et al., 1963; MCCAFFREY et a!.,1975; SHIRAKI et a1.,1986) . On the other hand, it has been demonstrated that Tty corresponds well with hypothalamic temperature in the cat (RANDALL et al., 1963; BAKER et a!., 1972) and in the monkey (BAKER et a!.,1972) . Furthermore, it has been noted that autonomic as well as behavioral thermoregulatory responses to hyperthermia are more closely related to TAY than to trunk temperature in humans (CABANAC and CAPUTA, 1979 b; CAPUTA and CABANAC, 1980) , i.e., face fanning resulted in decreased Tty, decreased heart rate, mild vasoconstriction, decreased Fig. 4 . Plots of the rate of sweat expulsions against mean body temperature and those of whole body sweat rate against the rate of sweat expulsions before (o) and after ()the physical conditioning with W (A) and W-F (B) in a representative case. Data on W are taken from our previous study . sweat rate, and preference of increased work load for attaining thermal comfort in a cold environment, while TeS increased. In a separate series of our experiments, the effect of face fanning on sweating during body heating in the Sauna-box and during pedalling on a bicycle ergometer was examined, and as shown in Fig. 5 , sustained drops in Tty as well as in sweat rate were observed during face fanning, while Tes was raised. These phenomena are attributed to a selective brain cooling which is attained by cooling of arterial blood ascending to the brain with venous blood returning from the facial and scalp skin by a countercurrent heat exchange mechanism (CABANAC and CAPUTA, 1979 a; CABANAC and BRINNEL, 1985) . The experimental protocol was first made on the assumption that adaptive changes in sweating activity might be attained by repetitive "controlled peripheral hyperthermia" with little rise in core temperature, and thus the significance of the peripheral component of the heat acclimation process could be indicated. However, the results of earlier experiments implied that an increase in sweating activity was hardly observed without substantial rise in core temperature during acclimation process, at least in a relatively short period of time. Although experimental protocols between the previous series and the present ones were not well matched, thermal load was even severer in the present ones than in the previous ones.
The results of the present study strongly suggest that cooling of the brain during the heat acclimation procedure of any type can attenuate or even abolish the induction of an adaptive increase in sweating capacity, and that brain temperature is well reflected in Tty. In other words, repetitive rises in brain temperature are considered to play an important role in the attainment of heat acclimation. Sweat glands, however, can be trained by repeated local heating, and this process has been considered to play a substantial role in ehnancement of sweating capacity in association with heat acclimation (Fox et al., 1964; OGAWA et al., 1982) . On the other hand, CHEN and ELIzoNDO (1974) maintained that sweat glands could not be trained to increase secretory capacity unless they were heated above the physiological limit. It seems that strong heating of the skin can train the sweat glands to increase their secretory capacity in a relatively short period, whereas it takes a much longer period for sweat glands to be trained with such milder heat as man may encounter naturally.
The rate of sweat expulsions is considered to reflect the central sudomotor drive and is linearly related to mean body temperature calculated by a summation of appropriately weighted core temperature and TS (SUGENOYA and OGAWA, 1985) . The regression line relating FSW to Tb shifted to the left after the 9-day acclimation procedure with Hp as well as that with HW (controlled hyperthermia in a humid condition), while the regression line relating ESW to FSW showed only a slight and inconsistent gain in slope . The results indicate that the increased sweating capacity induced by these acclimation procedures is attributed mainly to a reduction of threshold temperature for central sudomotor drive and suggest that it takes longer for effects of sweat gland training to become evident or it may be assumed that the effect of sweat gland training appears as regional differences without significant change in sweat gland activity of the whole body. Also, following the procedure with W as well as that with W/Hp, the regression line relating FSW to Tb shifted to the left, while the relation of ESW to FSW hardly changed , suggesting that the heat load to the body core is a primary This work was supported by a Grant-in-Aid (Project number 59480116) for Scientific Research from the Ministry of Education, Science and Culture, Japan.
